The degree to which a water sample can potentially support growth of human pathogens was 3 evaluated. For this purpose, a pathogen growth potential (PGP) bioassay was developed based on 4 the principles of conventional assimilable organic carbon (AOC) determination, but using pure 5 cultures of selected pathogenic bacteria (Escherichia coli O157, Vibrio cholerae, or Pseudomonas 6 aeruginosa) as the inoculum. We evaluated 19 water samples collected after different treatment 7 steps from two drinking water production plants, a wastewater treatment plant and from ozone 8 treated river water. Each pathogen was batch-grown into stationary phase in sterile water samples 9 and the concentration of produced cells was measured using flow cytometry. In addition, the 10 fraction of AOC consumed by each pathogen was estimated. Pathogen growth did not correlate with 11 dissolved organic carbon (DOC) concentration and correlated only weakly with the concentration of 12 AOC. Furthermore, the three pathogens never grew to the same final concentration in any water and 13 the relative ratio of the cultures to each other was unique in each sample. These results suggest that 14 the extent of pathogen growth is affected not only by the concentration but also the composition of 15 AOC. Through this bioassay, PGP can be included as a parameter in water treatment system design, 16 control and operation. Additionally, a multi-level concept is discussed that integrates the results 17 from the bioassay into the bigger framework of pathogen growth in water. The proposed approach 18 provides a first step for including pathogen growth into microbial risk assessment. 
the PGP assay is shown in Figure 1 . All vials were put into a sonication bath (Scherrer AG, Wil, 1 Switzerland;35 kHz, 10 min) before analysis in order to remove possible surface attached bacteria 2 into the liquid. 3 4 Flow cytometric measurements 5
Flow cytometry was used to determine the final cell concentration and average biovolume after 6 growth. A 10 µL aliquot of SYBR ® green stain (Molecular Probes, Basel, Switzerland), 100-times 7 diluted in dimethylsulfoxid (Fluka Chemie AG, Buchs, Switzerland), was added to 1 mL of a 8 bacterial suspension and incubated for 15 min at room temperature in the dark before analysis. For 9 outer membrane permeabilization, EDTA (pH 8) was added (5 mM final concentration) to the 10 sample together with the stain (1). If a sample contained more than 10 6 cells mL -1 , a dilution prior 11 to the staining procedure was done. All samples were measured on a CyFlow Space flow cytometer 12 (Partec, Münster, Germany) equipped with a 200 mW solid-state laser emitting at a fixed 13 wavelength of 488 nm and equipped with volumetric counting hardware. The trigger was set on the 14 green fluorescence (520 nm) channel and signals for total cell-counting were collected on the 15 combined 520 nm / 630 nm (red fluorescence) dot plot. For cellular biovolume estimations, 16 additional signals were collected on the combined 520 nm / side scatter (SSC) dot plot. An 17 experimentally derived correlation factor was then used to determine the cellular biovolume (15). 18
The quantification limit of the instrument was below 1000 cells mL -1 with an average standard 19 deviation of less than 5 % (14) . 20 21 AOC determination 22 AOC was determined as described previously (11, 34) . This bioassay is similar to the PGP assay 23 presented here; a water sample is filtered, inoculated with a natural bacterial community and the 24 final cell concentrations are measured after 3 days using flow cytometry (11). In this study 25 pasteurization of the water samples was included as well (as described above). The bacterialcommunity used for AOC determination consisted of bacteria derived from river water (Glatt, 1 Dübendorf, Switzerland) and unchlorinated tap water (Dübendorf, Switzerland). The same 2 community was used for all experiments. 3 4 DOC determination 5
The total organic carbon (TOC) was measured based on the combustion catalytic oxidation/NDIR 6 method (TOC-V CPH, Shimadzu, Duisburg, Germany). Before analysis, samples were filtered (pre-7 washed 0.2 µm Millex ® syringe filter (Millipore, Billerica, MA, USA)) and the TOC was then 8 referred to as DOC. 9 10 Data analysis and presentation 11
"Growth potential": net growth of pathogens 12
The growth potential in a sample was measured as the final cell concentration in stationary phase. We modified an existing AOC assay (11) to assess the growth potential of selected pathogenic 3 bacteria in any water sample (Figure 1 ). In this bioassay, a water sample is tested with respect to (i) 4 the net growth of a pathogenic bacterium, measured as an increase in cell concentration, 5
representing the "growth potential" and (ii) the fraction of AOC consumed by a pathogen, 6
representing the "AOC quality". With respect to the latter, "AOC quality" is not a compositional 7 analysis of individual AOC compounds, but rather an expression of the accessibility of AOC for a 8 specific organism. 9
10
General overview of all data 11
We analysed 19 water samples from different locations. DOC and AOC concentrations of the 12 different samples varied considerably, ranging between 0.73 -33.6 mg L -1 of DOC and 37 -5497 13 µg L -1 of AOC, respectively (Table 1) , with AOC accounting for 0.7 % up to 22 % of the DOC. 14 Overall, no significant correlation (R 2 = 0.08; p = 0.29; Figure A1 ) between AOC and DOC was 15 observed, which reaffirms that mere DOC analysis is insufficient evidence of the general growth 16 potential of a water sample. Looking at all results in general, the growth potential of E. coli O157 17 ranged from 0 -2.87 x 10 6 cells mL -1 and for V. cholerae from 0 -1.35 x 10 7 cells mL -1 , whereas P. 18
aeruginosa grew in all samples tested and its growth potential varied from 4 x 10 3 -2.3 x 10 6 cells 19 mL -1 (Figures 2 to 5 ). There was no significant correlation (p always higher than 0.01) between 20 DOC concentration and net growth of the pure cultures (Table 2; Figure A2 ), whereas the 21 concentration of AOC, reflecting the fraction of nutrients readily available for heterotrophic growth, 22 could explain the growth of the different pathogens better (Table 2; Figure A3 ). The correlations 23 between the growth potential and AOC ranged from R 2 = 0.51 for P. aeruginosa up to R 2 = 0.88 for 24 V. cholerae (Table 2; Figure A3 ). From this, one can conclude that in general, elevated 25 concentrations of AOC also support enhanced pathogen growth.1 However, it was only partly possible to predict the growth potential of the individual pathogens 2 using the concentration of AOC. The data-scattering along the regression lines was considerable, 3 with notable outliers ( Figure A3 ). Furthermore, correlations between the pure cultures with each 4 other were poor, ranging from only R 2 = 0.29 (V. cholerae vs P. aeruginosa) to R 2 = 0.47 (E. coli 5 O157 vs P. aeruginosa) (Table 2; Figure A4 ) and the pathogen displaying the highest growth 6 potential was different between samples. The three pathogens never grew to the same concentration 7 in any water and the relative ratio of the cultures to each other was unique in each sample (Figures 2  8   -5 ). Additionally, we also investigated the "quality" of AOC in the different water samples by 9 estimating the fraction of AOC consumed by a pathogen. For E. coli O157 and V. cholerae, the 10 obtained values ranged from 1 % up to 100 %, whereas P. aeruginosa consumed between 7 % and 11 71 % ( Figure A5 ). This further illustrates the differing accessibility of AOC for pathogen growth. 12
All these results imply that the pathogens responded dissimilar in the different waters tested and 13
that not only the concentration, but also the "quality" of AOC is a key factor controlling their 14 growth. 15
PGP in drinking water treatment plant A 17
The treatment train of plant A is composed of two sequential ozonation-biofiltration steps ( Figure  18 2). Overall, the PGP in water samples from this plant was very low, as were AOC concentrations. 19
Growth of V. cholerae was only detected in the raw water samples and no other water sample 20 allowed proliferation of this pathogen, whereas E. coli O157 grew only in the water sample 21 collected after the first ozonation treatment (Figure 2A ). In contrast, P. aeruginosa multiplied in all 22 samples. The two ozonation steps resulted in increased growth of P. aeruginosa, whereas the 23 growth potential of this pathogen was markedly decreased after slow sand filtration and very low 24 (net growth of only 4 x 10 3 cells mL -1 ) in the finished water. We observed a similar pattern for the 25 AOC concentration (Table 1 ). The estimated fraction of AOC consumed by P. aeruginosa was,however, always below 20 % and, hence, always only a small fraction of the AOC was available for 1 the pathogen ( Figure 2B ). 2 3 PGP in drinking water treatment plant B 4
The treatment train of the second drinking water treatment plant is similar to plant A and includes 5 two sequential ozonation-biofiltration steps as well (Figure 3 ). However, it includes no slow sand 6 filtration step and the finished water is chlorinated at the end of the treatment as a final disinfection 7 step. The water quality was, however, distinctly different in comparison to plant A: DOC as well as 8 AOC concentrations were considerably higher, as was the growth for all three pathogens (Table 1 , 9 Figure 3A ). The growth potential of E. coli O157 and of P. aeruginosa displayed the same trend, 10
i.e., more growth in the samples after ozonation followed by a decline in the growth potential after 11 biofiltration. Interestingly, although the total AOC concentration decreased considerably through 12 the treatment process, the growth potential of E. coli O157 and of P. aeruginosa in samples of the 13 finished water (2.27 x 10 5 cells mL -1 and 1.39 x 10 5 cells mL -1 , respectively) were similar to those 14 observed in the raw water (2.81 x 10 5 cells mL -1 and 1.21 x 10 5 cells mL -1 , respectively). This 15 observation is also illustrated by Figure 3B , where the accessed fraction of AOC for the pathogens 16 increased during the water treatment steps and displayed very high values, i.e., 94 % for E. coli 17 O157 and 71 % for P. aeruginosa, in the finished water. V. cholerae displayed a distinctly different 18 pattern. After a slight increase in growth after the first ozonation step, its growth potential sharply 19 decreased after rapid sand filtration and second ozonation. Finally, only a little growth potential of 20 V. cholerae was detected in the finished water ( Figure 3A) . 21
PGP in wastewater treatment plant 23
In the wastewater treatment plant, the effluent of the conventional biological treatment is subjected 24 to post-treatment using a combined ozonation-biofiltration step before it is finally fed into a river.1 ), promoted the highest growth of all waters tested in this study ( Figure 4A ). In samples after 1 biological treatment, the growth potential was reduced by 93 % for E. coli O157 and 98 % for V. 2 cholerae and P. aeruginosa, respectively. The following ozonation-biofiltration step resulted in a 3 similar pattern as observed in the two drinking water treatment plants, i.e., ozonation generated 4 AOC and led to an increased growth potential of E. coli O157 and P. aeruginosa; followed by 5 reduced growth after biofiltration ( Figure 4A ). In this case, the growth potential of V. cholerae 6 displayed a similar pattern to that of the two other pathogens during treatment. The estimated AOC 7 consumption differed distinctly between the individual pure cultures; the data suggest that V. 8 cholerae consumed the most AOC followed by E. coli O157 and P. aeruginosa ( Figure 4B ). 9 PGP in ozonated river water 11
Ozonation is a key step in the water treatment plants studied above. Since it is an emerging method 12 to treat water of different types, we investigated the effect of ozonation on the growth of the three 13 pathogens in detail. As observed before (Figure 2A, 3A, 4A ), the AOC concentration increased with 14 increasing ozone exposure and also the growth potential of E. coli O157 and of P. aeruginosa was 15 positively affected by ozonation; both pathogens produced around three times more cells in the 16 most oxidized water (ct = 10) compared to untreated river water ( Figure 5A ). However, the 17 estimated AOC consumption of the two pathogens showed a decrease with increasing oxidation 18 suggesting that the nutrient availability for the pathogens was considerably altered during the 19 treatment ( Figure 5B ). The data presented in Figure 3 and 4 indicate that V. cholerae followed a 20 different pattern to the other pathogens when growing in oxidized water. Also in this experiment, 21 the growth potential of this pathogen was hardly affected by the oxidation treatment ( Figure 5A analysis of the PGP in water as presented here provides researchers and water utilities with an 17 additional decision making tool for optimum design and operation of water treatment systems in 18 order to minimize the risk of pathogen growth. For example, ozonation is used in (drinking) water 19 treatment for the oxidation of micro-pollutants and for disinfection (7, 36, 37). It is commonly 20 known that oxidation processes generate AOC and BDOC, thus increasing the overall bacterial 21 growth potential of a water (12, 13, 36, see also Table 1 ). This increase in AOC also enhanced the 22 growth potential of E. coli O157 and P. aeruginosa after ozonation (Figure 2, 3, 4, 5 ), albeit to a 23 different extent in different waters. Ozonation is, however, an effective disinfection step against 24 pathogenic bacteria (16, 37) and our work should not be understood as a suggestion to omit this 25 process to improve treatment efficiency and lower the risk of pathogen growth. Rather, thepresented PGP assay can be used to characterize and optimise the ozonation or subsequent 1 processes in terms of the trade-off between maximum disinfection and minimum formation of AOC 2 available for pathogens. Moreover, to reduce the risk of pathogen growth, our results suggest that a 3 biofiltration step should always directly follow this oxidation step, as done in the treatment trains 4 analysed here and also described previously (5, 28). All biofiltration steps analysed in this study 5 (Bio, RSF, GAC, SSF) reduced AOC concentrations as well as the growth potential of E. coli O157 6 and P. aeruginosa, respectively. The PGP assay can, therefore, be used to evaluate, optimize and 7 compare different biofilter systems. Interestingly, V. cholerae often responded uniquely in samples 8 collected after oxidation steps. It appears that during oxidation the quality of carbonaceous 9 compounds in the water is altered in such a way that the potential risk for growth of this pathogen is 10 in fact reduced, although the concentration of AOC increases (Figure 2 , 3, and 5). This illustrates 11 the necessity to test the growth potential for different pathogen separately. Another good example 12 demonstrating the advantage of individual testing is drinking water treatment plant B (Figure 3) . 13 Although a low concentration of AOC (75 µg L -1 ) was recorded in the finished water, the growth 14 potential of E. coli O157 and of P. aeruginosa was disproportionally high. The supporting data 15 presented in Figure 3B suggest that the quality of AOC was favouring growth of these two 16 pathogens. Interestingly, a previous study demonstrated that E. coli can indeed grow in biofilms of 17 this particular drinking water treatment system, contributing up to 0.1 % of the total bacterial 18 population (17). 19
20
In this study we used the three pathogenic bacteria tested previously on their growth properties at 21 low nutrient concentration (34, 35). However, the PGP assay is not restricted to these organisms, 22 but is essentially applicable to any bacterium of interest. • The data showed unique growth behaviour of the different pathogens in each water sample, 5 relative to each sample and to each other. Furthermore, AOC could explain their net growth 6 only to some extent, indicating that the quality/composition of AOC is critical for pathogen 7 growth. 8
• The developed pathogen growth potential (PGP) assay can be used as a screening tool 9 complimentary to conventional AOC assays in order to compare different water samples or 10 treatment steps. 11
• The results of the PGP assay can also be incorporated into a multi-level concept assessing 12 the risk of pathogen growth in water. 
